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Members of the GATA family of zinc ®nger transcription factors regulate critical steps of cellular differentiation during
vertebrate development. In the studies described in this report, we have isolated and functionally characterized the
murine GATA-5 cDNA and protein and de®ned the temporal and spatial pattern of GATA-5 gene expression during
mammalian development. The amino terminus of the mouse GATA-5 protein shares high level amino acid sequence
identity with the murine GATA-4 and -6 proteins, but not with other members of the GATA family. GATA-5 binds to
the functionally important CEF-1 nuclear protein binding site in the cardiac-speci®c slow/cardiac troponin C (cTnC)
transcriptional enhancer and overexpression of GATA-5 transactivates the cTnC enhancer in noncardiac muscle cell
lines. During embryonic and postnatal development, the pattern of GATA-5 gene expression differs signi®cantly from
that of other GATA family members. In the primitive streak embryo, GATA-5 mRNA is detectable in the precardiac
mesoderm. Within the embryonic heart, the GATA-5 gene is expressed within the atrial and ventricular chambers (ED
9.5), becomes restricted to the atrial endocardium (ED 12.5), and is subsequently not expressed in the heart during late
fetal and postnatal development. Moreover, coincident with the earliest steps in lung development, only the GATA-5
gene is expressed within the pulmonary mesenchyme. Finally, the GATA-5 gene is expressed in tissue-restricted subsets
of smooth muscle cells (SMCs), including bronchial SMCs and SMCs in the bladder wall. These data are consistent
with a model in which GATA-5 performs a unique temporally and spatially restricted function in the embryonic heart
and lung. Moreover, these data suggest that GATA-5 may play an important role in the transcriptional program(s) that
underlies smooth muscle cell diversity. q 1997 Academic Press
INTRODUCTION quence motif (WGATAR) located within transcriptional
regulatory elements that control sets of lineage-speci®c
The GATA family of zinc ®nger transcription factors play genes (Ho et al., 1991; Ko and Engel, 1993; Merika and
important roles in regulating cell lineage differentiation Orkin, 1993; Omichinski et al., 1993; Yang et al., 1994). In
during vertebrate development (for review see (Orkin, 1992; addition to activating transcription directly, recent studies
Simon, 1995; Weiss and Orkin, 1995a). Six GATA family have revealed that GATA-1 may directly, or indirectly, be
members have been identi®ed in vertebrate species. These involved in regulating programmed cell death during devel-
six proteins have been classi®ed into two subfamilies based opment (Weiss and Orkin, 1995b; Blobel and Orkin, 1996).
on common amino acid sequence identities and patterns of Gene targeting experiments have revealed that while the
expression (Arceci et al., 1993; Dorfman et al., 1992; Evans GATA-1, -2, and -3 proteins are expressed in overlapping
et al., 1988; Heikinheimo et al., 1994; Ho et al., 1991; Jiang patterns in the hematopoietic cell lineages, mice harboring
and Evans, 1996; Joulin et al., 1991; Kelley et al., 1993; Ko null mutations in each of these genes exhibit distinct phe-
et al., 1991; Laverriere et al., 1994; Lee et al., 1990; Morrisey notypes (Pandol® et al., 1995; Pevny et al., 1991; Simon et
et al., 1996; Tsai et al., 1989; Wilson et al., 1990; Yamamoto al., 1992; Tsai et al., 1994; Weiss et al., 1994). These data
et al., 1990; Zon et al., 1991). Each GATA family member are consistent with a model wherein each GATA family
contains a conserved C-X2-C-X17-C-X2-C (type IV) zinc ®n- member regulates unique lineage-restricted developmental
programs.ger DNA-binding domain that recognizes a consensus se-
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Previous studies have suggested that the GATA-4/5/6 temporal and spatial patterns of GATA-5 gene expression
in the embryonic mouse and during postnatal development.subfamily of transcription factors may direct tissue-speci®c
gene expression during development of the vertebrate heart These data are consistent with a model wherein GATA-5
serves as a transcriptional activator that regulates a novel(Jiang and Evans, 1996; Kelley et al., 1993; Laverriere et al.,
1994; Tamura et al., 1993). Functionally important GATA developmental program within the embryonic heart and
lung. In addition, these data suggest that GATA-5 may playbinding sites have been identi®ed within the promoters of
multiple cardiac-speci®c genes, including slow/cardiac tro- an important role in the transcriptional program(s) that un-
derlies smooth muscle cell diversity.ponin C, a-myosin heavy chain, B-type natriuretic peptide
(BNP), and cardiac troponin I, and each of these cardiac-
speci®c transcriptional regulatory elements can be trans-
activated by overexpression of GATA-4 (and in some cases MATERIALS AND METHODS
GATA-6) in noncardiac muscle cell lines (Grepin et al.,
1994; Ip et al., 1994; Molkentin et al., 1994; Morrisey et Isolation of Murine GATA-5 cDNA Clones
al., 1996). In addition, expression of GATA-4 antisense tran-
To isolate the murine GATA-5 cDNA, 106 recombinant clonesscripts in pluripotent P19 embryonal carcinoma cells blocks
from a Day 13 mouse embryonic heart lZAP cDNA library (Stra-the development of beating cardiac myocytes and interferes
tagene) were screened under moderate stringency conditions (0.5Xwith expression of cardiac-speci®c contractile protein iso-
SSC, 0.1% SDS at 507C) with a radiolabeled murine GATA-4 cDNA
forms (Grepin et al., 1995). Moreover, ectopic expression of probe encoding the two zinc ®ngers and adjacent basic domain (bp
Xenopus GATA-4, -5, or -6 during embryogenesis is capable 1173±1547) as described previously (Parmacek and Leiden, 1989).
of prematurely activating expression of the genes encoding Replicate ®lters were hybridized to murine GATA-4 3*-untrans-
a-cardiac actin and a-myosin heavy chain (Jiang and Evans, lated (3*UTR) and GATA-6 3*UTR cDNA probes in order to identify
recombinant clones encoding each of these previously character-1996).
ized cDNAs (Arceci et al., 1993; Morrisey et al., 1996) and theseIn avian and Xenopus species the genes encoding GATA-
clones were not characterized further. Two positively hybridizing4, -5, and -6 are expressed in an overlapping pattern in the
clones (lmG5-A and lmG5-B), which were approximately 1.8- andheart and gut epithelium (Jiang and Evans, 1996; Laverriere
3.2-kb in size, respectively, were isolated, puri®ed to homogeneity,et al., 1994). Thus, it remains unclear whether each of these
and sequenced with an ABI 377 Automated DNA Sequencer usingGATA subfamily members subserves unique or redundant
the Sequencher computer program (Gene Codes, Ann Arbor, MI).
developmental functions. In this regard, it is noteworthy The deduced murine GATA-4, -5, and -6 amino acid sequences were
that in mammalian species, signi®cant differences in the aligned using the MAP Multiple Sequence Alignment computer
developmentally regulated, tissue-restricted patterns of program (Huang, 1994).
GATA-4 and -6 gene expression have been identi®ed that
are not present, or were not appreciated, in lower verte-
Northern Blot Analysesbrates (Heikinheimo et al., 1994; Morrisey et al., 1996). For
example, coincident with the onset of vasculogenesis, the
Northern blot analyses were performed as described previously
murine GATA-6 gene is expressed in arterial and venous (Solway et al., 1995). Two nonoverlapping GATA-5 cDNA probes
smooth muscle cells (SMCs), while the GATA-4 gene is not were utilized in these analyses. The mouse GATA-5 ORF cDNA
(Morrisey et al., 1996). Moreover, a mammalian GATA-5 probe (bp 253±707) encodes 52-bp of the 5*UTR and 403-bp of the
homologue has not, as yet, been described. However, in GATA-5 open reading frame (ORF); while the mouse GATA-5
3*UTR cDNA (bp 2262±2740) is derived exclusively from theavian species, the GATA-5 gene is expressed at least as early
3*UTR (see Fig. 1). Quantitative image analyses were performedas stage 7 within the heart and the gene continues to be
using a Molecular Dynamics PhosphorImager (Sunnyvale, CA).expressed at high levels within both the endocardium and
myocardium throughout postnatal development (Laverriere
et al., 1994). Taken together, these data suggest that al-
Plasmidsthough the GATA-4, -5 and -6 genes are expressed in an
overlapping pattern during embryogenesis and postnatal de- The murine GATA-5 expression plasmid, pcDNAG5, was sub-
cloned by digesting the lmG5-A cDNA clone with EcoRI and KpnIvelopment, ®ne differences in the spatial and temporal pat-
to isolate the 1828-bp insert (see Fig. 1A) and subcloning the resul-tern of expression of each family member may impact pro-
tant cDNA fragment encoding the 404-aa GATA-5 protein into thefoundly on their developmental function.
EcoRV site of the eukaryotic expression plasmid, pcDNA3 (In-In the studies described in this report, we have isolated
vitrogen). The murine GATA-4 expression plasmid, pcDNAG4,the murine GATA-5 cDNA and compared the structure of
has been previously described (Morrisey et al., 1996). The p-the deduced murine GATA-5 protein to each of the pre-
124cTnCGH and p-124cTnCGHmCEF-1 growth hormone (GH) re-
viously characterized GATA family members. We have porter plasmids contain the 124-bp cTnC cardiac-speci®c cTnC
demonstrated that forced expression of GATA-5 transacti- promoter-enhancer and the 124-bp cTnC promoter-enhancer with
vates a cardiac-speci®c transcriptional regulatory element a ®ve nucleotide mutation within the CEF-1 nuclear protein bind-
in noncardiac muscle cell lines. In addition, the mouse ing site, respectively, subcloned into the p0GH human GH reporter
plasmid (Nichol's Institute) and have been described previouslyGATA-5 cDNA was used as a molecular probe to map the
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(Morrisey et al., 1996). The pCEF-1GH and pmCEF-1GH expression bridizations were performed with the radiolabeled sense riboprobe
to alternate sections under identical conditions.plasmids contain a single copy of the murine cTnC CEF-1 nuclear
protein binding site or a copy of the cTnC CEF-1 nuclear protein
binding site containing a mutation in the GATA motif, respec-
tively, subcloned immediately 5* of the minimal rabbit b-globin
RESULTSpromoter in the p0GH plasmid and have been described previously
(Morrisey et al., 1996).
Isolation and Structural Characterization of
Murine GATA-5 cDNA Clones
Cell Culture and Transfections
To isolate the murine GATA-5 cDNA, 106 recombinant
NIH 3T3 and COS-7 cells were grown as described previously clones from an Embryonic Day (ED) 13 mouse heart cDNA
(Parmacek et al., 1994; Parmacek and Leiden, 1989; Solway et al., library were screened under moderate stringency conditions
1995) For transient cotransfection experiments, 106 NIH 3T3 cells with a subfragment of the murine GATA-4 cDNA encoding
were cotransfected with 25 mg of the appropriate GATA expression the evolutionarily conserved zinc ®nger domains. In addi-
plasmid, 1 mg of pMSVbgal reference plasmid, 2.5 mg of the appro-
tion, replicate ®lters were hybridized to murine GATA-4priate GH reporter plasmid, and 20 ml of Lipofectin Reagent (Gibco).
3*-untranslated (3*UTR) and GATA-6 3*UTR cDNA probesForty-eight hours following transfection, cell supernatants were
in order to identify recombinant clones encoding each ofassayed for GH by radioimmunoassay (Nichol's Institute) and cell
these previously characterized cDNAs (Arceci et al., 1993;lysates were prepared and analyzed for b-galactosidase activity and
Morrisey et al., 1996). Two plaques that hybridized to theprotein content as described previously (Ip et al., 1994). Data are
expressed as normalized growth hormone { SEM. All experiments mouse GATA-4 zinc ®nger cDNA probe, but not the murine
were repeated at least three times to ensure reproducibility. GATA-4 or GATA-6 3*UTR cDNA probes, designated
lmG5-A and lmG5-B, were identi®ed using this screening
strategy. The lmG5-A and lmG5-B clones contained over-
Electrophoretic Mobility Shift Assays (EMSAs) lapping cDNA inserts of approximately 1.8- and 3.2-kb, re-
spectively (Fig. 1A). Each clone contained a 1212-bp openNuclear extracts were prepared from COS-7 cells 48 hr following
reading frame (ORF) that encoded a predicted 404-aminotransient transfection with the pcDNAG5, pcDNAG4, or pcDNA3
acid polypeptide with a calculated molecular mass of 42.1expression plasmids as described (Ip et al., 1994). The following
kDa (Fig. 1A). The initiation codon conforms to the consen-complementary oligonucleotides were synthesized with BamHI/
BglII overhanging ends: sus sequence described by Kozak (1984). The 1.4-kb differ-
ence in the length of the two cDNA clones resulted from
differences in the length of their respective 3*UTRs (Fig.cTnC CEF-1 5* CCAGCCTGAGATTACAGGGAG 3*
1A). Notably, neither cDNA contained a consensus polyad-cTnC mCEF-1 5* CCAGCCTGGGGCCCCAGGGAG 3*
aMHC-GATA 5* CCAAAGGGCCGATGGGCAGATAGAGGA- enylation signal.
GAGACAGGA 3* Comparison of the deduced amino acid sequence of the
murine GATA-5 protein with the previously isolated
chicken and Xenopus GATA-5 proteins (Jiang and Evans,The native and mutated GATA sites are shown in bold font. EMSAs
were performed as described previously (Ip et al., 1994). Antibody 1996; Laverriere et al., 1994) revealed 62 and 53% amino
supershifts were performed by preincubating nuclear extract with acid sequence identity, respectively. In contrast, compari-
1 ml of goat polyclonal a-GATA-4 af®nity puri®ed IgG (that was son of the deduced amino acid sequence of the murine
raised against an epitope corresponding to amino acids 420±439 of GATA-5 protein with the chicken GATA-4 and -6 proteins
the mouse GATA-4 protein (Santa Cruz, Biotech., Cat. No. sc- (Laverriere et al., 1994) revealed 44 and 48% amino acid
1237)) for 20 min at 257C prior to performing the binding reaction
sequence identity. Despite the relatively low level of aminoas described previously (Ip et al., 1994). This antiserum does not
acid sequence identity between the Xenopus, chicken, andcross-react with the mouse GATA-1, -2, or -3 proteins.
murine GATA-5 proteins, multiple amino acid residues
were identi®ed that are identical in the chicken, Xenopus,
and murine GATA-5 proteins that are not conserved in theIn Situ Hybridization of Staged Murine Embryos
GATA-4 and -6 proteins (data not shown); suggesting that
In situ hybridization was performed essentially as described by these cDNAs encode the murine homologue of the GATA-
Eichele and coworkers (Kuratani et al., 1994). The murine GATA- 5 protein. Of note, comparison of the deduced amino acid
5 (bp 253±707), GATA-4 (bp 486±936), GATA-6 (bp 589±1119), sequence of the murine GATA-5 protein with the pre-
and SM22a cDNAs (bp 333±1102) were subcloned into pGEM7Z viously isolated murine GATA-4 and GATA-6 proteins (Ar-
or pGEM11Z and were in vitro-transcribed using T7 or SP6 poly-
ceci et al., 1993; Morrisey et al., 1996) did reveal high levelmerase in the presence of 35S-labeled UTP to generate sense and
amino acid sequence identity across the two zinc ®ngerantisense cRNA probes, respectively. Sections were processed for
domains and adjacent C-terminal basic domain (Fig. 2,emulsion autoradiography and were poststained with Hoecht 33258
shaded gray). In addition, discrete regions located withinand visualized by epi¯uorescence and dark®eld microscopy on a
Zeiss Axiophot microscope. To detect nonspeci®c background, hy- the amino terminus of the mouse GATA-5 protein, that
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FIG. 2. Comparison of the amino acid sequences of the murine GATA-4, GATA-5, and GATA-6 proteins. The protein sequences were
aligned using the MAP multiple protein sequence alignment algorithm (Huang, 1994). The conserved zinc ®ngers and basic domain are
shown in gray. Activations Domains I and II of the mouse GATA-4 protein (Morrisey et al., submitted) are shown above the amino acid
sequences. Amino acid residue numbers are shown to the right of each sequence.
have been demonstrated previously to encode independent cDNA probe, derived from the 5*UTR and open reading
frame (ORF) (bp 253±707), was radiolabeled and used totranscriptional activation domains in the mouse GATA-4
probe Northern blots containing RNA prepared from adultprotein (Morrisey et al., submitted), were also conserved in
murine tissues. As shown in Fig. 3 (upper panel), the GATA-the predicted mouse GATA-5 protein (Fig. 2). In contrast,
5 ORF cDNA probe hybridized to three transcripts approxi-the amino terminus of the mouse GATA-5 protein does
mately 1.8, 3.2, and 8.0 kb (arrows) in size. GATA-5 mRNAnot share identi®able sequence homology with either the
was detected in the small intestine, stomach, and bladderGATA-1, -2, or -3 proteins (data not shown). Outside of
and at very low levels within the lung (arrows, Fig. 3, upperthe zinc ®ngers, C-terminal basic domain and short regions
panel, lanes 3, 4, 7, and 8). In the stomach and small intes-within the amino terminus of the murine GATA-5 protein,
tine the 3.2-kb transcript was most abundant, while in thethe amino acid sequences of the GATA-4, -5, and -6 proteins
bladder the 1.8- and 8.0-kb transcripts predominated. Evenhave diverged signi®cantly (Fig. 2).
upon prolonged autoradiographic exposure GATA-5 mRNA
was not detected within the adult heart (Fig. 3, upper panel,
Tissue-Speci®city of GATA-5 Gene Expression lane 1). In addition, GATA-5 mRNA was not detected in
To determine the tissue-speci®city of GATA-5 gene ex- RNA prepared from the adult aorta, skeletal muscle, kidney,
liver, spleen, thymus, uterus, and brain (Fig. 3, upper panel,pression during postnatal development, a murine GATA-5
FIG. 1. The structure and deduced amino acid sequence of the mouse GATA-5 cDNA and protein encoded by clones lmG5-A and
lmG5-B. (A) A schematic representation of the structure of the lmG5-A and lmG5-B cDNA clones. The size of the two cDNA clones
(lmG5-A and lmG5-B) encoding the murine GATA-5 protein is shown above the map. The 5*-untranslated region is shaded. The protein
coding region is shown as an open box with the two evolutionarily conserved zinc ®nger domains indicated (Z). The 3*-untranslated region
is hatched. The size of the deduced mouse GATA-5 protein in amino acids (aa) is shown below the map. (B) The nucleotide sequence and
deduced amino acid sequence of the murine GATA-5 protein encoded by lmG5-A and lmG5-B. The deduced amino acid sequence of the
murine GATA-5 protein is shown below the nucleotide sequence.
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FIG. 3. The in vivo tissue distribution of GATA-5 gene expression during postnatal development. The top panel shows a Northern
blot analysis of RNA samples isolated from adult murine tissues hybridized to the radiolabeled GATA-5 cDNA probe (bp 253±707) which
includes 52 bp of the 5* UTR and 403 bp of the GATA-5 open reading frame (GATA-5 ORF). This GATA-5 cDNA probe hybridized to
1.8-, 3.2-, and 8.0-kb transcripts (arrows), which were present in the small intestine, stomach, bladder, and lung (at very low levels). RNA
size markers are shown in kilobases to the left of the blot. The middle panel shows the same Northern blot hybridized to the radiolabeled
GATA-5 3*-untranslated region cDNA probe (bp 2262±2740) (GATA-5 3* UTR). This GATA-5 cDNA probe hybridized exclusively to the
3.2- and 8.0-kb transcripts (arrows). The bottom panel shows the ethidium bromide-stained gel prior to membrane transfer of RNA. The
locations of the 28S and 18S ribosomal RNA bands are indicated to the left of the gel.
lanes 2, 5, 6, 9±13). Of note, the 1.8- and 3.2-kb GATA-5 bladder, and lung (at low levels). In this regard, the tissue-
restricted pattern of expression of the GATA-5 gene duringtranscripts that were identi®ed by Northern blot analyses
corresponded in size to the lmG5-A and lmG5-B cDNA postnatal development differs markedly from that of the
GATA-4 which is expressed in the heart, gut, testes, andclones, respectively. In order to determine which, if any, of
the three GATA-5 transcripts contain the 1.4 kb of distal ovary, and GATA-6 which is expressed in the heart, gut,
bladder, and vasculature (Heikinheimo et al., 1994; Morri-3* sequence that was present only in the lmG5-B cDNA
clone (see Fig. 1A), the Northern blot analysis was repeated sey et al., 1996).
using a mouse GATA-5 cDNA probe derived from the distal
3*UTR (bp 2262±2740) (Fig. 3, middle panel). In contrast to
The GATA-5 Gene Has a Unique Lineage-the GATA-5 ORF cDNA probe that hybridized to all three
Restricted Pattern of Expression during EmbryonicGATA-5 transcripts (upper panel), the 3*UTR probe hybrid-
Mammalian Developmentized exclusively to the 3.2- and 8.0-kb transcripts (arrows,
Fig. 3, middle panel). Taken together, during postnatal de- To determine the temporal and spatial pattern of GATA-
5 gene expression during mammalian development, a seriesvelopment GATA-5 gene expression is restricted to the gut,
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FIG. 4. Expression of the GATA-4, -5, and -6 genes in the primitive streak embryo. In situ hybridization analyses were performed
using radiolabeled GATA-4 (A), GATA-5 (B), and GATA-6 (C) antisense riboprobes on sections of ED 7.0-staged murine embryos. (A)
Speci®c hybridization (white) of the GATA-4 antisense riboprobe to the embryonic mesoderm in the primitive streak (PS) region and
mesoderm subjacent to the headfold (HF) was visualized. Extra-embryonic hybridization of the GATA-4 riboprobe to the allantois (A),
visceral endoderm (VE), and parietal endoderm (PE) was also observed. Original magni®cation, 12.5X. (B) Speci®c hybridization of the
GATA-5 antisense riboprobe to the embryonic mesoderm subjacent to the headfold region (HF) containing the cardiogenic plate and the
allantois (A) was visualized. (C) Speci®c hybridization of the GATA-6 antisense riboprobe to the embryonic mesoderm in the primitive
streak (PS) region and mesoderm subjacent to the headfold (HF) was observed. Extra-embryonic hybridization of the GATA-6 riboprobe
to the allantois (A) and parietal endoderm (PE) was also observed.
of in situ hybridization experiments were performed on In the ED 9.5 embryo, GATA-5 mRNA was detected
within both the common atria (A) and ventricle (V) as wellstaged murine embryos using GATA-4-, -5-, and -6-speci®c
riboprobes. Within the primitive streak embryo (ED 7.0), the as within the cardiac out¯ow tract or truncus arteriosus
(TA) (Fig. 5A). High power epi¯uorescence exposures re-GATA-5 riboprobe hybridized exclusively to the embryonic
mesoderm subjacent to the future headfold (HF) region vealed that the GATA-5 riboprobe hybridized more in-
tensely to the common atrial chamber (A) than the commonwhich contains the cardiogenic plate (Fig. 4B). In contrast,
to this restricted pattern of expression, the GATA-4 and -6 ventricle (V) and most intensely to the underlying septum
transversum (Fig. 6A). In contrast, the GATA-4 and -6 ribo-riboprobes hybridized to the lateral plate mesoderm of the
primitive streak (PS) region, as well as, the mesoderm subja- probes hybridized at equal intensity to the common atrial
and ventricular chambers (data not shown and (Morrisey etcent to the headfold (HF) region (Figs. 4A and 4C). Previous
studies have suggested that GATA-4 may play an important al., 1996)). By midgestation (ED 12.5), the spatial pattern of
expression of the mouse GATA-5 gene within the heartrole in formation of extra-embryonic membranes (Soudais
et al., 1995). Thus, it is noteworthy that in contrast to the (Figs. 5B and 6B) diverged signi®cantly from that of the
GATA-4 and -6 genes. Coincident with cardiac septation,GATA-4 gene which was expressed at high levels within
the visceral endoderm (VE) and the GATA-4 and -6 genes GATA-5 mRNA was detected exclusively within the atria
and was restricted primarily to endocardial cells (white ar-which were expressed within the parietal endoderm (PE)
(Figs. 4A and 4C and (Morrisey et al., 1996)), GATA-5 rowheads) lining the atria and endocardial cushions (EC)
(Fig. 6B). In contrast, both the GATA-4 and -6 genes weremRNA was only observed within the allantois (A) (Fig. 4B).
In summary, in primitive streak embryos, the GATA-5 gene expressed throughout the atrial and ventricular myocar-
dium and endocardium at this developmental stage (Morri-was expressed in a more restricted pattern than either the
GATA-4 or -6 genes in both the precardiac mesoderm and sey et al., 1996). Moreover, by ED 16.5, GATA-5 mRNA
was no longer detected within the heart (Fig. 5C). Of note,within extra-embryonic tissues.
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the low grade signal observed in the atria is artefactual and 6D and 7D), within the gut GATA-5 gene expression is
restricted to the epithelial cells (Fig. 6E, white arrowheads).emanates from trapped RBCs along the atrial wall. In con-
trast to the absence of GATA-5 gene expression within the This epithelial-speci®c pattern of expression within the gas-
trointestinal tract continues as the intestinal crypts andheart at ED 18.5 (Fig. 5D), the GATA-4 (Fig. 5E) and GATA-
6 (Fig. 5F) genes were expressed at high levels throughout villi differentiate during the fetal period (ED 18.5) (Fig. 6F).
These data demonstrate that the GATA-5 gene is an earlythe atrial and ventricular myocardium and endocardium
during late fetal development. Thus, within the heart, the developmental marker of the gut epithelium and of bladder
smooth muscle cells where the gene continues to be ex-GATA-5 gene has a temporally and spatially restricted pat-
tern of expression which is distinct from that of both the pressed throughout postnatal development.
GATA-4 and -6 genes during embryonic and postnatal de-
velopment. GATA-5 Binds to the Cardiac-Speci®c cTnC
At midgestation (ED 12.5), the GATA-5 gene is expressed Transcriptional Enhancer
most abundantly within the lung bud (L) and urogenital
GATA-4 and -6 have been demonstrated to bind to the
sinus (UG) (Fig. 5B). Within the nascent lung bud at ED
cardiac-speci®c cTnC transcriptional enhancer and trans-
12.5, GATA-5 gene expression was restricted to pulmonary
activate the cTnC gene in noncardiac muscle cell lineages
mesenchyme (Fig. 7A). In contrast, at this developmental
(Ip et al., 1994; Morrisey et al., 1996). The developmentally
stage (ED 12.5), the GATA-6 gene was expressed within
regulated, cell- and chamber-speci®c pattern of GATA-5
epithelial cells lining the bronchi and bronchioles (Fig. 7B,
gene expression suggested the hypothesis that GATA-5
Br), while the GATA-4 gene was not expressed within the
might recognize a unique set of transcriptional targets.lung (data not shown). The pattern of GATA-5 gene expres-
Therefore, to determine whether GATA-5 binds to the func-sion within the lung parenchyma overlaps with, but is
tionally important nonconsensus CEF-1/GATA motif lo-much more diffuse than, that of the smooth muscle cell
cated within the cTnC promoter-enhancer (Ip et al., 1994),
marker, SM22a gene, which was expressed exclusively
EMSAs were performed using nuclear extracts prepared
within bronchial (Br) and pulmonary arterial SMCs (Fig. 7C).
from COS-7 cells transiently transfected with the GATA-
In the fetal lung at ED 18.5, the GATA-5 riboprobe hybrid-
5 expression plasmid, pcDNAG5. As shown in Fig. 8, the
ized intensely to the smooth muscle cells surrounding the
radiolabeled cTnC CEF-1 oligonucleotide probe bound two
large airways (Figs. 7D and 7G, open arrowheads (Br)), while
nuclear protein complexes (arrows) that were not identi®ed
low level hybridization was observed throughout the lung
in nuclear extracts prepared from COS-7 cells transfected
parenchyma. Conversely, GATA-6 gene expression was de-
with the pcDNA3 control expression plasmid (Fig. 8, lanes
tected within pulmonary arterial SMCs (Figs. 7E and 7H,
1 and 2). Each of these complexes was abolished by the
white arrowheads (A)), and at low levels throughout the
addition of unlabeled cTnC CEF-competitor oligonucleo-
lung parenchyma (Fig. 7H). In contrast to the arterial SMC-
tide or by an unlabeled oligonucleotide corresponding to thespeci®c or bronchial SMC-speci®c pattern of GATA-5 and
functionally important consensus GATA motif identi®ed-6 gene expression, respectively, within the fetal lung the
within the a-cardiac myosin heavy chain promoter (Mol-SM22a gene was expressed in both bronchial (Br) and pul-
kentin et al., 1994) (Fig. 8, lanes 3 and 4), but not by nonspe-
monary arterial (A) SMCs (Figs. 7F and 7I). These data dem-
ci®c oligonucleotide competitor (Fig. 8, lane 5). Of note,
onstrate that the GATA-5 and -6 genes are expressed in
neither nuclear protein complex was supershifted following
distinct, complementary, lineage-restricted patterns in the
preincubation with a-GATA-4-speci®c IgG (Fig. 8, lane 6).
embryonic lung.
In addition, three nuclear protein complexes were identi®ed
During postnatal development, GATA-5 gene expression
in binding reactions containing nuclear extracts prepared
was detected within the gastrointestinal tract and bladder
from COS-7 cells transfected with the mouse GATA-4 ex-
(see Fig. 3). During embryogenesis, intense hybridization of
pression plasmid, pcDNAG4, and the radiolabeled CEF-1
the GATA-5 riboprobe to the dorsal aspect of the urogenital
probe (Fig. 8, lane 7). Each of these nuclear protein com-
ridge can be appreciated at least as early as ED 12.5 (Figs.
plexes were ablated and supershifted (dashed arrows) follow-
5B and 6C, white arrowheads). Over the next 48 hr, the
ing preincubation with a-GATA-4-speci®c IgG (Fig. 8, lanepattern of hybridization expands circumferentially to sur-
8). These data demonstrate that GATA-5 can bind speci®-round the epithelial cells lining the urogenital sinus (Fig.
cally to DNA, and that GATA-5 binds to the functionally6D). Subsequently by ED 18.5, the GATA-5 gene is ex-
important nuclear protein binding site in the cTnC cardiac-
pressed at high levels within the wall of the embryonic
speci®c promoter-enhancer.
bladder (B1) (Fig. 5D) where the gene continues to be ex-
pressed throughout postnatal development. Within the de-
GATA-5 Transactivates the cTnC Cardiac-Speci®cveloping gastrointestinal tract, the GATA-5 riboprobe hy-
Transcriptional Enhancer in Noncardiac Musclebridized to cells lining the embryonic mid- and hindgut at
Cellsleast as early as ED 9.5 (data not shown). Of note, despite
the fact that the GATA-5 gene is expressed in bronchial To determine whether forced expression of GATA-5 can
transactivate the cardiac-speci®c cTnC promoter-enhancerSMCs (Figs. 7D and 7G) and SMCs of the bladder wall (Figs.
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FIG. 6. The GATA-5 gene is expressed in the embryonic heart, the urogenital ridge, and the gut epithelium in a developmentally
regulated fashion. In situ hybridization analyses were performed using a GATA-5 antisense riboprobe and sections through staged ED 9.5
(A), 12.5 (B, C and E), 14.5 (D), and 18.5 embryos (F). (A) Within the primitive heart (ED 9.5), abundant hybridization (white signal) to the
atrial (A) myocardium and endocardium and truncus arteriosus (TA) was visualized. In contrast, only low level hybridization to the
ventricular chamber (V) was observed. Original magni®cation, 10X. (B) At ED 12.5, hybridization to the atrial endocardium (arrowheads)
and endocardium lining the endocardial cushion (EC) was visualized. In contrast, the GATA-5 riboprobe did not hybridize to the ventricular
myocardium or endocardium. Original magni®cation, 10X. (C) At ED 12.5, intense hybridization to the dorsal aspect of the urogenital
ridge was observed (arrowheads). Original magni®cation, 10X. (D) At ED 14.5, GATA-5 mRNA can be detected in cells of the urogenital
ridge (white arrowhead) surrounding the epithelial cells lining the urogenital sinus (open arrowhead). Original magni®cation, 10X. (E) At
ED 12.5, hybridization to the epithelial cells (white arrowhead) lining the midgut is visualized. Hybridization to the lamina propria was
not observed (open arrowhead). Original magni®cation, 10X. (F) At ED 18.5, hybridization to the epithelial cells (white arrowhead) lining
the crypts and villi of the intestine, but not the lamina propria (open arrowhead), was observed. Original magni®cation, 5X.
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al., 1992) and an eukaryotic expression plasmid encoding
the murine GATA-5 protein. As demonstrated previously
(Ip et al., 1994), the negative control plasmid, pcDNA3,
failed to transactivate the p-124GH reporter plasmid in NIH
3T3 cells (Fig. 9A, column 1). In contrast, forced expression
of GATA-5 resulted in approximately a 275-fold increase
in GH reporter activity (Fig. 9A, column 2). To determine
whether this increase in transcriptional activity was depen-
dent upon binding of GATA-5 to the CEF-1 motif within
the cTnC transcriptional enhancer, the GATA-5 expression
plasmid was transiently cotransfected with the p-
124GHmCEF-1 reporter plasmid, that contains a mutation
within the CEF-1/GATA element that abolishes binding of
GATA-5 (data not shown). Mutation of the CEF-1/GATA
motif resulted in approximately a 60% reduction in normal-
ized GH activity (Fig. 9A, column 4), demonstrating that
most, but not all, of the transcriptional activation of the
cTnC promoter was dependent upon an intact CEF-1/
GATA motif.
The ®nding that overexpression of GATA-5 transacti-
vated the p-124GHmCEF-1 plasmid above levels obtained
with the negative control expression plasmid, pcDNA3 (Fig.
9A, columns 3 and 4), suggested that GATA-5 might be
capable of indirectly activating the cTnC cardiac-speci®c
promoter enhancer. In this regard it is noteworthy that sev-FIG. 8. Binding of GATA-5 and GATA-4 to the CEF-1 site of
eral recent studies have demonstrated that GATA familythe cTnC transcriptional enhancer. Radiolabeled CEF-1 oligonucle-
otides were used in EMSAs with nuclear extracts prepared from members can activate transcription either by binding di-
COS-7 cells transiently transfected with either the negative control rectly to DNA, or alternatively, by binding directly to other
expression plasmid, pcDNA3 (lane 1), or expression plasmids en- transcription factors (Crossley et al., 1995; Osada et al.,
coding the murine GATA-5 (lanes 2±6) or GATA-4 (lanes 7±8) 1995). Therefore, to determine whether the ability of
proteins. Where indicated, binding reactions were preincubated GATA-5 to transactivate the p-124GHmCEF-1 reporter plas-
with either 100 ng of indicated unlabeled competitor oligonucleo- mid was dependent upon any of the other previously charac-
tides or with goat polyclonal a-GATA-4 IgG (/). The bands corre- terized cis-acting regulatory elements within the cTnC pro-sponding to the GATA-5 nuclear protein complexes are shown by
moter-enhancer (Parmacek et al., 1992), the GATA-5 ex-arrows to the left of the autoradiogram. The GATA-4 antibody-
pression plasmid was transiently cotransfected with thesupershifted complex is indicated with a dashed arrow to the right
pCEF-1GH reporter plasmid, containing a single copy ofof the autoradiogram.
the CEF-1 motif upstream of the minimal rabbit b-globin
promoter (Morrisey et al., 1996), and the pmCEF-1GH re-
porter plasmid, containing a mutated copy of the CEF-1
in noncardiac muscle cells, NIH 3T3 cells were transiently motif subcloned upstream of the minimal b-globin pro-
cotransfected with a GH reporter plasmid driven by the 124- moter, into NIH 3T3 cells. Forced expression of GATA-
5 in NIH 3T3 cells transactivated the pCEF-1GH reporterbp cardiac-speci®c cTnC promoter-enhancer (Parmacek et
FIG. 7. The temporal and spatial patterns of GATA-5, GATA-6, and SM22a gene expression in the murine embryonic and fetal lung.
In situ hybridization analyses were performed using GATA-5 (A, D, and G), GATA-6 (B, E, and H), and SM22a (C, F, and I) antisense
riboprobes on staged ED 12.5 (A±C) and ED 18.5 (D±I) embryonic lung sections. (A±C) At ED 12.5, the GATA-5 riboprobe (A) hybridized
diffusely to the pulmonary mesenchyme, but not to the bronchial epithelial cells (Br). In contrast, the GATA-6 riboprobe (B) hybridized
to the bronchial epithelial cells (Br), but not to the pulmonary mesenchyme. The SM22a riboprobe (C), a marker of the smooth muscle
cell lineage, hybridized to bronchial (Br) and pulmonary arterial SMCs. Original magni®cation, 10X. (D and G) At ED 18.5, the GATA-5
riboprobe hybridized to the bronchial SMCs (Br, open arrowheads), but not the pulmonary arterial SMCs (A, white arrowheads). In addition,
diffuse low level hybridization of the GATA-5 riboprobe to the lung parenchyma was visualized. Original magni®cation, 5X and 20X. (E
and H) At ED 18.5, the GATA-6 riboprobe hybridized to pulmonary arterial SMCs (A, white arrowheads) and to the lung parenchyma.
GATA-6 gene expression was not observed in the epithelial cells lining the large airways (Br, open arrowheads). Original magni®cation,
5X and 20X. (F and I) At ED 18.5, the SM22a riboprobe hybridized exclusively to bronchial (Br) and pulmonary arterial (A) SMCs. Original
magni®cation, 5X and 20X.
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FIG. 9. GATA-5-mediated activation of the cTnC promoter and a minimal CEF-1-containing promoter in noncardiac muscle cells. (A)
NIH 3T3 cells were transfected with either 2.5 mg of the p-124cTnCGH (p124GH /) or the p-124cTnCGHmCEF-1 (p-124GHmCEF-1 /)
reporter plasmids and either 25 mg of the control expression plasmid (pcDNA3 /) or the GATA-5 expression plasmid (pcDNAG5 /). All
transfections contained 1 mg of the pMSVbgal reference plasmid. Forty-eight hours following transfection, the amount of growth hormone
in the media and the b-galactosidase activities were determined. Relative GH activity was determined by correcting for differences in
transfection ef®ciencies and normalizing to the amount of growth hormone obtained following transfection of the p-124cTnCGH plasmid
with the pcDNA3 expression plasmid. The data are presented as relative GH activity { SEM. (B) Transient cotransfections were performed
as described above with the exception that the pCEF-1GH or pmCEF-1GH reporter plasmids were utilized which contain a single CEF-1
nuclear protein binding site or a mutant CEF-1 nuclear protein binding site, respectively, subcloned immediately 5* of the minimal rabbit
b-globin promoter.
construct 55-fold above levels in cells cotransfected with 5 protein with the previously characterized mouse GATA-
4 and -6 proteins identi®ed speci®c regions within two N-the negative control expression plasmid, pcDNA3 (Fig. 9B,
columns 1 and 2). In contrast, only an 18-fold induction in terminal activation domains that have been conserved
across the GATA-4/5/6 subfamily (Morrisey et al., submit-normalized GH activity was demonstrated with the pmCEF-
1GH plasmid (Fig. 9B, columns 2 and 3). Taken together, ted). In addition, GATA-5 binds to the functionally im-
portant CEF-1 nuclear protein binding site in the cardiac-these data demonstrate that GATA-5 is a potent transcrip-
tional activator that is capable of activating the cardiac- speci®c cTnC transcriptional enhancer and over-expression
of GATA-5 is suf®cient to transactivate the cTnC promoter-speci®c cTnC promoter enhancer in noncardiac muscle
cells. The majority of the transcriptional activation is de- enhancer in noncardiac muscle cells. In contrast to the
GATA-4 and -6 genes, which are developmentally coex-pendent upon an intact GATA motif within the cTnC CEF-
1 nuclear protein binding site and the residual induction in pressed in the embryonic and adult heart, the GATA-5 gene
is expressed in a temporally and spatially restricted patterntranscriptional activity results from the indirect activation
of the cTnC CEF-1 element. during early embryonic cardiac development. Moreover, co-
incident with expansion of the embryonic lung bud, the
GATA-5 gene is expressed at high levels within the pulmo-
nary mesenchyme in a cell lineage-restricted pattern whichDISCUSSION
is complementary to that of the GATA-6 gene. Finally, the
GATA-5 gene is expressed in tissue-restricted subsets ofMembers of the GATA family of transcription factors
SMCs, including bronchial SMCs and SMCs of the bladderplay important roles in transducing nuclear events that reg-
wall. These data are consistent with a model whereinulate cell lineage differentiation during vertebrate develop-
GATA-5 regulates a novel molecular program in the mam-ment. In this report, we have isolated and structurally and
malian embryo and serves to identify GATA-5 as a candi-functionally characterized the mouse GATA-5 protein. In
date regulator of the transcriptional program(s) that under-addition, we have determined the temporal and spatial pat-
lies smooth muscle cell diversity.terns of GATA-5 gene expression during mouse embryonic
development. Structural comparison of the mouse GATA- Previous studies have suggested that GATA-4 may play
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an important role in formation and/or speci®cation of extra- The unique pattern of GATA-5 gene expression within the
mouse heart coupled with the demonstration that GATA-embryonic tissues (Soudais et al., 1995; Bielinska et al.,
5 can transactivate a cardiac-speci®c transcriptional regula-1996). Soudais et al. (1995) reported that embryonic stem
tory element in noncardiac muscle cells suggests that(ES) cells containing a homozygous null mutation in the
GATA-5 gene may play an important role in chamber-speci-GATA-4 gene exhibit gross defects in membranous struc-
®cation and/or establishment of the endocardium and/ortures including the visceral and parietal endoderm. While
endocardial cushions. These data support the emerging hy-these data are consistent with the high levels of GATA-4
pothesis that distinct transcriptional programs may directmRNA that were observed in these extra-embryonic tis-
atrial versus ventricular-speci®city and left/right asymme-sues, the ®nding that the GATA-5 gene is not expressed
try within the vertebrate heart (Li et al., 1996; Ross et al.,either within the visceral or parietal endoderm suggests that
1996; Tsuda et al., 1996).the functional repertoire of GATA-5 is restricted in extra-
Fine differences in the patterns of expression of theembryonic tissues and limited to the allantois. Moreover,
GATA-1, -2, and -3 proteins in the hematopoietic cell lin-in the primitive streak embryo, the murine GATA-5 gene
eages have translated into marked differences in the pheno-is expressed exclusively within the mesoderm subjacent to
types of mice harboring null mutations in each of thesethe headfold region which contains the cardiogenic plate.
family members (Pandol® et al., 1995; Pevny et al., 1991;In contrast, the GATA-4 and -6 genes were developmentally
Simon et al., 1992; Tsai et al., 1994; Weiss et al., 1994).coexpressed in the ED 7.0 embryo both within the primitive
Thus, the demonstration that the GATA-5 gene was ex-streak mesoderm as well as the cardiogenic plate. Once
pressed in the embryonic pulmonary mesenchyme andagain, this suggests that the function of GATA-5 in the
bronchial SMCs suggests that GATA-5 may mediate im-precardiac mesoderm is more restricted than that of either
portant, and unanticipated, functions in the embryonicthe GATA-4 or -6 genes. In this regard it is noteworthy
lung. During expansion of the embryonic lung bud, thethat within the embryonic heart, the GATA-5 gene has a
GATA-5 and -6 genes are expressed in complementary, celltemporally and spatially restricted pattern of expression
lineage-restricted patterns; GATA-5 gene expression is re-that is distinct from that of the GATA-4 and -6 genes (see
stricted to the pulmonary mesenchyme and GATA-6 genebelow). Thus, identi®cation of the subpopulation of cells
expression is restricted to the bronchial epithelial cells. Ofwithin the lateral plate mesoderm that express GATA-5
note, the embryonic lung contains cells derived both frommay serve to de®ne previously unrecognized sublineages
gut epithelium (bronchial epithelial cells), as well as lateral
within the primitive heart that give rise to atria versus ven-
mesoderm (mesenchymal cells, endothelial cells, and
tricle and/or cardiac myocytes versus endocardial cells. smooth muscle cells). The ®nding that both the GATA-5
Several independent groups have suggested that the and -6 genes are expressed in the gut epithelium and lateral
GATA-4/5/6 subfamily of transcription factors may play an mesoderm, while these genes are differentially expressed in
important role in directing tissue-speci®c gene expression a cell lineage-speci®c pattern within the embryonic lung,
within the heart during embryonic and postnatal develop- suggests that GATA-5 and -6, in concert with other tran-
ment (Jiang and Evans, 1996; Kelley et al., 1993; Laverriere scription factors, may play important roles in regulating the
et al., 1994; Grepin et al., 1994; Ip et al., 1994; Tamura et differentiation of distinct cell lineages during embryonic
al., 1993). In avian and Xenopus species the GATA-4, -5, lung development.
and -6 genes are developmentally coexpressed within the Relatively little is currently understood about the molec-
precardiac mesoderm and embryonic and adult heart (Jiang ular mechanisms that control SMC identity and differentia-
and Evans, 1996; Laverriere et al., 1994). Thus, it was some- tion (for review see Owens, 1995). Thus, the observation
what surprising to ®nd that in the mammalian species, the that GATA-5 is expressed in bronchial and bladder SMCs,
GATA-5 gene is expressed in a developmentally regulated, but not in arterial or gut SMCs, suggests that GATA-5 may
spatially restricted pattern that differs signi®cantly from activate transcription in tissue-restricted subsets of the
that of the mouse GATA-4 and -6 genes. Within the primi- SMC lineage. Of note, we have reported recently that the
tive heart tube, the GATA-5 gene is expressed at higher GATA-6 gene is expressed within arterial, venous, and blad-
levels in the common atrial chamber than in the ventricle. der SMCs (Morrisey et al., 1996). Taken together, these data
In contrast, the GATA-4 and -6 genes are expressed at rela- support and extend our hypothesis that distinct transcrip-
tively equal levels in both the atria and ventricles (Morrisey tional programs may underlie SMC diversity and serve to
et al., 1996). Coincident with cardiac septation and forma- identify GATA-5 (and GATA-6) as potential regulators of
this program. As such, identi®cation of the transcriptionaltion of the endocardial cushions (ED 12.5), GATA-5 gene
targets of GATA-5 (and GATA-6) in the different SMC lin-expression becomes restricted to the atrial endocardium,
eages should increase understanding of the molecular mech-while the GATA-4 and -6 genes are expressed at high levels
anisms that regulate SMC development and differentiation.throughout the embryonic heart. Subsequently, during fetal
and postnatal development, the GATA-5 gene is not ex-
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